Abstract. The properties and calibrations of the Washington system are investigated by synthetic photometry techniques. First, passband reconstruction is attempted using photometric and spectrophotometric observations of a sample of individual stars. Preliminary results indicate changes in position and width of the default passbands published by Canterna & Harris (1979) , but more complete samples of observed data are necessary to refine the transformations. Second, synthetic CMT1T2 photometry reproduces well the high efficiency of the system for the determination of temperatures and metal abundances of late-type stars. While theoretical colors from the Kurucz new grid of model atmosphere spectra are in very good agreement with most of the empirical results (e.g. Geisler et al. 1991a) , we find that the effects of missing ultraviolet opacity still present in the theoretical stellar spectra published by Buser &¿ Kurucz (1992) show up more pronouncedly in the Washington colors than in UBV.
INTRODUCTION
The Washington C, M, T\ and T2 broad-band system ( Fig. 1) , defined by Canterna & Harris (Canterna 1976, hereafter C76, and Canterna & Harris 1979 , hereafter CH79) was specifically developed for providing effective temperatures and metallicities for G and Κ giant stars. In two decades, the system has proven its usefulness in many applications: luminosity classification with the addition of the DD051 narrow filter (Geisler 1984) , studies of the galactic bulge population (Geisler & Friel 1990) , determinations of abundances in open clusters (Canterna et al. 1986 , Geisler 1987a , Geisler et al. 1992 , LMC clusters (Geisler 1987b , Geisler et al. 1991b , color dependence of the atmospheric and interstellar extinctions as functions of the stellar parameters (Grebel & Roberts 1995) . With broader passbands than the commonly used UBVRI, the Washington system is also more efficient in obtaining integrated colors of extragalactic globular clusters and stellar systems for abundance determinations (Harris & Canterna 1977 , Geisler & Forte 1990 , Ostrov et al. 1993 , Lee & Geisler 1993 , Celione et al. 1994 , Zepf et al. 1994 , Secker et al. 1995 .
A very important refinement of the empirical metal abundance calibrations previously defined by C76 and CH79 was also published by Geisler et al. (1991a, hereafter GCM91) . With new observations of a large number of field, open and globular cluster giants, they established more accurate metal-abundance calibrations over the range [Fe/H] = +0.5 to -4.0. Their new color M -T2, in addition to the original T\ -T2, is used for estimating the temperatures, and C -T\ along with the traditional C -M and M -Ti were shown to be very good indicators of the metallicities of late-type giants.
Because the number of studies using Washington photometry has been increasing in the past few years, it is important to investigate the properties and calibrations of this system by synthetic photometry, using current-generation theoretical model atmosphere spectra. An example of this kind is the work of Paltoglou & Bell (1994) , which, however, is based on their unpublished grid of model spectra and on system passband functions different from the adopted standard. Straizys h Kuriliené (1983) have also investigated the properties of the system by synthetic photometry techniques using the energy distribution functions in stellar spectra from Straizys &¿ Sviderskienè (1972); the authors have shown the luminosity effects in the Washington two-color diagrams and the dependence of color excess ratios on spectral and luminosity classes.
In this paper, we present some results of a detailed study (Lejeune & Buser 1996, hereafter LB96) of the calibration of the C, M, T\ and T2 standard system from synthetic photometry of theoretical stellar spectra. In particular, we compare the photometric properties of two recent grids of blanketed model atmosphere spectra suitable for evolutionary synthesis studies of late-type stellar systems.
TRANSFORMATIONS TO THE OBSERVATIONAL STANDARD SYSTEM
Before deriving the properties of the Washington system from theoretical stellar spectra, it is necessary to evaluate the confidence level within which synthetic colors are able to reproduce the observed colors of real stars. This can be done by a systematic comparison between the observed colors and the calculated colors from observed stellar spectral energy distributions (SED). The catalog of SEDs published by Gunn L· Stryker (1983, hereafter GS83) contains spectrophotometric observations for 175 solar-abundance stars over a large range of spectral types and luminosity classes, with sufficiently large wavelength coverage (313 -1080 nm) and spectral resolution (~ 1 -2 nm to produce synthetic Washington colors. Unfortunately, in the GS83 atlas there are only 16 stars with observed Washington colors, and among these there is only one early-type star! Thus, to evaluate the color residuals on a wider range of spectral types, we shall also use the empirical two-color relationships (C -M, T\ -T2 and M -T u Τ λ -T 2 ) defined by CH79. The deviation seen in T\ -T2 is much smaller and is due to the only early-type star. These color equations suggest the existence of possible systematic differences between the original passband functions published by CH79 and the instrumental responses defining the standard photometric system.
Passband reconstruction
Because the color equations can be due to changes of the central wavelength, the width and/or the shape of the passband, reconstruction methods such as empirical fitting (Buser 1978) , least-squares adjustment (Rufener L· Maeder 1971 , Rufener 1986 , Rufener L· Nicolet 1988 or maximum entropy (Horne 1988) are very powerful tools to retrieve the instrumental response functions. After some experiments, we finally chose a different method based on Monte-Carlo simulations, which is better adapted to our small sample of observed data in the GS83 catalog. The default passbands are perturbed by a random function and then multiplied with the observed flux distribution of the star to compute the perturbed magnitudes. We proceeded in two steps to fix (1) the position (Aeff) and (2) the width (ΔΛ) of each filter. C, M, T\ and T2 are simultaneously simulated at each iteration, and the resulting filters minimize the quantity : <y 2 = Σ·Γι 1θΓ (Σ;=Γ(θί 8 -q? lc ) 2 )/(ncolor * ndata), Cij being the color i of the star j. With respect to the default passbands, the new C and M passbands (Fig. 3) are wider 10 nm) and are shifted blueward and redward, respectively, whereas the new T\ and T2 are both moved to the red. Applied to the sample of 16 stars from the GS83 catalog, these reconstructed filters indeed do reduce the slope and the rms of the color residuals (Fig. 4) for M -T\ and T\ -T2, but still suggest a small (additional) zero-point correction. A residual color equation persists in C -M, but is again partly due to the only early-type star at C-M ~ -0.45, as indicated by the linear least square fits (long-dashed lines) on a reduced sample of the 15 cooler stars.
Using the empirical two-color relations defined by CH79 on a large sample of giants, dwarfs and supergiants, we have also investigated the effects of these new passbands on the whole range of Taking into account this correction in the resulting residuals of Fig. 5 , synthetic colors from the reevaluated passbands perfectly match the empirical colors on a wide range of spectral types and luminosity classes. The improvement is especially significant in C -M, where the slope of the color equation changes from 1.051 to 0.989 with the new passbands. Nevertheless, the number of the observed data used in our reconstruction method should probably be extended to warrant the reality of the important passband changes found in Fig. 3 .
Until these results are confirmed and refined using new comprehensive photometric and spectrophotometric data for a substantial sample of stars covering the full range of spectral types and luminosity classes, we shall use the standard filters published by CH79 to synthetize the general properties of the Washington photometric system and to compare the results obtained with two grids of models.
SYNTHETIC PHOTOMETRY WITH THEORETICAL STELLAR SPECTRA

Grids of stellar spectra
Two new comprehensive grids of theoretical stellar spectra were recently published. First, a grid of blanketed model atmospheres for F to K-type stars constructed by Buser & Kurucz 1992 (hereafter BKLATE) which combine the Kurucz & Peytremann (1975) atomic lines list (~ 10 6 ) used in the early-type models of Kurucz (1979) with the atmosphere models for late-type stars of Gustafsson et al. (1975) , Bell et al. (1976) , Gustafsson (1979) . Second, the extensive and homogeneous grid of new blanketed model atmospheres of Kurucz (1991 Kurucz ( ,1992 , hereafter K92) covering a large range of temperatures and metallicities and using a large (~ 50 · 10 6 ) list of atomic and molecular opacities. Table 1 summarizes the characteristics of these two grids. Buser & Kurucz (1992) have shown that the BKLATE grid provides synthetic UBVRI colors in good or very good agreement with observations, both for giant and dwarf models, over a significant range of temperatures and metallicities, except for the coolest models 
S.2. The effective temperature scales
Τι -T2 and M -T2 (introduced by GCM91) are the usual temperature indices of the Washington system. Their sensitivities to metallicity for giants are shown in Fig. 6 . We confirm that M -T2, with a larger wavelength baseline, is a better temperature index than T1-T2 -as pointed out by GCM91 -over the range 7000 -3500 K, giving amplitudes of ~ 2 mag and ~ 1.1 mag, respectively. Both Ti -T2 and M -T2 are not very sensitive to the metal abundance (less than 0.1 mag for 5 dex in [Fe/H] for stars hotter than 4000 K), and M -T2 is almost completely metallicity-independent over the range 7000 -5500 K. But the latter is found to be about four times more sensitive to the surface gravity than Ti -T2 (about 0.15 mag for 5 dex in log g) over the range 6000 -3750 K (LB96).
S.S. Solar-abundance calibrations
In Fig. 7 , we show the theoretical calibrations for solar abundance models in the C -M/Tx -T2 and M -Ti/Tj -T2 two-color planes. BKLATE models (filled circles) and K92 models (open circles) for giants (log g = 1.5 -2.5 dex) are compared to the GCM91 empirical calibrations for giants (thick solid lines). Note the large systematic shift between the K92 and the BKLATE models, the latter being bluer by about 0.2 ~ 0.3 mag in C -M (and also in C -Ti). A similar difference also exists in Μ -Ti, but with a lower amplitude (0.05 -0.08 mag). These differences, which are found in the metallicity-sensitive indices, C -M, C -T\ and M -T\, and which increase with increasing metal abundance (LB96), are indicative of probably incomplete blanketing by metallic lines and molecules in the calculations of the BKLATE flux distributions. On the other hand, the K92 model colors for log g = 1.5 dex perfectly match the GCM91 C -M,T\ -T2 giant calibration, and, due to their fuller account of molecular lines, also reproduce very well the curvature observed at the cool end of the empirical relation. Nevertheless, the very cool models (Teff < 3750 K) are still probably too bright because of missing opacities from triatomic molecules in the computations (Kurucz 1991) . Flg. 7. Solar-abundance calibrations from the BKLATE (filled circles) and the K92 (open circles) giant models (log g = 1.5-2.5), compared to empirical calibrations from GCM91 (see text). The arrows are the reddening vectors defined by CH79.
3.4· Metal abundance calibration
Μ -Τι and C -M were initially chosen as metallicity indices of the Washington system. With C -Τι, more recently introduced by Geisler & Forte (1990) and GCM91, and the two temperature indices, there are five color excesses that can be used to determine
The color excess is defined as the color difference between a model at a given metallicity and a model with solar abundances, at the same value of the temperature index.
In Fig. 8 , we have plotted color excesses as functions of [Fe/H] for the K92 models (mixed long dashed-short dashed lines) and the J3KLATE models (short dashed lines), compared to observations by C76 (filled circles), Geisler (1986) (open circles) and empirical calibrations (GCM91, thick line). The models are shown for different log g corresponding to giant stars (1.5-2.5 dex). For all the indices, the BKLATE models exhibit a systematic discrepancy with, both the observations and the K92 models.
The theoretical color excesses from the BKLATE grid are too small and the deviation grows as the metal abundance increases: here the effect seems to be in the opposite sense because of the definition of the color excess, but a comparison with the different two-color relations from GCM91 shows that the BKLATE models are increasingly bluer with increasing metallicity. The K92 models are in good or very good agreement with the observed data for log g = (1.5 -2) dex. Also notice that the empirical calibrations appear to be too high compared to the other data and the models for [Fe/H] < -1.5 dex. This is probably due to the definition of a corrected color excess (δ') by GCM91: because the system looses its metallicity sensitivity for cooler and metal deficient stars, Geisler et al. (1991a) have defined a linear correction procedure as a function of metal abundance and temperature. Applying the same procedure to the K92 models, we found that the empirical correction overestimates the loss of metallicity sensitivity of the Washington system (LB96). Nevertheless, we confirm the results found by GCM91 that the system provides the most sensitive abundance parameter, S(C -T\)M-T2I where a variation of 5 dex in [Fe/H] results in a color difference of 0.9 mag. δ(Μ -Τ\)τλ-τ2 is also found to be metalli city-independent for the stars more metal poor than [Fe/H] ~ -1.0. Finally, it should also be pointed out that the most metal-rich K92 models ([Fe/H] = +1.0) are not realistic, giving highly negative color excesses.
DISCUSSION AND CONCLUSIONS
We have presented some synthetic calibrations of the Washington photometric system resulting from different grids of blanketed atmosphere models. Our study confirms that the properties of the CΜΤι T2 system are suitable for accurate determinations of effective temperatures and metal abundances of G and Κ giant stars. We find that C -M and especially C -T\ are the most sensitive metallicity indices, with T\ -T2 as a temperature indicator. M -T2 is better than T\ -T2 for temperature determinations, although it is slightly sensitive to the surface gravity. The system should also be efficient for late-type dwarf stars (LB96).
The comparison of recent grids of theoretical spectra shows that synthetic colors from the Kurucz models (1992) reproduce the observations very well and the metallicity scale is in very good agreement with recent empirical calibrations. In contrast, synthetic Washington photometry from the blanketed atmosphere models for late-type stars by Buser L· Kurucz (1992) is strongly affected by incomplete blanketing due to metallic lines and molecules. Almost by accidentdue to the smaller baseline and passband widths of the UB V system -the effect of the missing ultraviolet opacity practically vanishes in synthetic UB VRI photometry (Buser & Kurucz 1992) . Thus, we conclude that the Washington system provides a more realistic test of the metallicity scale of blanketed atmosphere models than UBV colors. The new Kurucz models and the broad-band CMT1T2 system can be highly recommended for evolutionary synthesis studies of globular clusters and galaxies.
